Ultrafine (2-5 nm) particles of amorphous Ca-Mg co-doped ferrihydrite have been synthesized by surfactant mediated co-precipitation method. The evolution of the amorphous ferrihydrite by Ca-Mg co-doping is quite different from our earlier investigations on individual Ca and Mg doping studies. Amorphous phase of ferrihydrite for the present study has been confirmed by xray diffraction (XRD) and Mössbauer spectroscopy at room temperature and low temperatures (40K and 20K). Hematite nanoparticles with crystallite size about 8, 38 and 70 nm were obtained after annealing the as-prepared samples at 400, 600 and 800 o C respectively in air atmosphere.
INTRODUCTION
Iron oxides doped with various ions can completely alter and/or improve their performance for specific applications such as sensors [1, 2] , photo-electrochemical activity [3, 4] , catalytic activity [5] and magnetic properties [6] . In our earlier studies influence of Ca(II) on cetyltrimethyl ammonium bromide (CTAB) directed nucleation and growth of iron oxides/hydroxides was presented [7] . Detailed work on effects of variation of Ca(II) content on phase formation of iron compounds, Mössbauer parameters and magnetic behavior were reported. Depending on the amount of Ca(II) doped in iron oxides, predominant phases of goethite, mixed spherical hematite and acicular goethite or pseudo cubic hematite nanoparticles were obtained. Mössbauer studies had detected small amounts of impurity phases which were not detected in their respective XRD patterns. The VSM studies had revealed that the coercivity values were dependent on the hematite content of the sample. The sample synthesized by using 0.05M Ca(II) and 1M Fe(III) having mono dispersed primary pseudo cubic nano hematite particles (150-200 nm) gave high value of coercivity (≈1255 Oe). It was established that nonmagnetic calcium doping could influence the magnetic properties. In another investigations Mg(II) doped sample was synthesized following the same procedure using 0.05M Mg(II) and 1M Fe(III) solution. The as-prepared sample which primarily contained spherical shaped 80 nm crystalline hematite particles in combination with small amounts of amorphous ferrihydrite showed noticeable hysteresis loop with large coercive field ≈ 1562 Oe [8] . With a view to investigate the synergistic effect of doping of both Ca(II) and Mg(II) on iron phase formation and magnetic behavior of synthesized sample, the present studies were taken up. The results obtained were completely different from those expected. Formation of a combination of spherical and pseudo-cubic hematite particles was expected with doping of both Ca(II) and Mg(II) ions, but it was surprising to observe the formation of a totally amorphous phase. The XRD, Mössbauer and magnetic studies of as synthesized and sample calcined at 400, 600 and 800 o C are discussed in the present investigation.
EXPERIMENTAL DETAILS

Material Synthesis
The experimental procedure followed was same as given in earlier communications for single ion doping [7, 8] . The chemicals used for the synthesis of Ca-Mg doped iron oxide sample were: Fe(NO 3 ).9H 2 O, CaCl 2 (fused), cetyltrimethyl ammonium bromide (CTAB) and sodium hydroxide of E-Merck, India and MgCl 2 .6H 2 O of Ranbaxy, India. 100 mL of mixed solution containing 1M Fe(III), 0.05M Ca(II) and 0.05M Mg(II) was taken in a beaker. To this 5 mL of 10 % CTAB solution was added and the solution was stirred for 2 h followed by pH adjustment to 10.0 with slow addition of 1 M NaOH. The contents were stirred for a period of 24 h and then filtered through a G4 frit crucible. Chloride and nitrate ions were removed by thoroughly washing the precipitate with distilled water. The Fe, Ca and Mg contents in the filtrate were analyzed and it was observed that iron was quantitatively precipitated whereas 91% for Ca (II) and 98% for Mg(II) precipitated under the employed conditions. The precipitate was then transferred to a beaker and the volume was made up to 500 mL with distilled water. The contents were aged at 60 o C for 12 h in an air oven. After aging, the solid was separated by filtering through a G4 crucible, washed thoroughly with distilled water and dried in an oven at 100 o C for 24 h. The as prepared sample was annealed at 400, 600 and 800 o C for 4 hours each inside a programmable box furnace at a heating rate of 100 o C per hour at air atmosphere.
Chemical Analysis and Characterization Tools
Wet chemical method was applied for estimation of iron by taking a weighed amount of sample and subjecting to hydrochloric acid digestion. Iron was analyzed volumetrically [9] Figure 1 . There are no crystalline phases and the sample is totally amorphous.
Results from earlier work on no doping and individual Ca or Mg doping together with present data are given in Table 1 . This is to compare the formation of different phases of iron in presence /absence of CTAB and/or Ca(II), Mg(II) ions to highlight the role of CTAB, Ca(II) ions, Mg(II)
ions and a combination of Ca(II) and Mg(II) ions.
From Table 1 , it is observed that all the reagents i.e., CTAB, Ca ( Table 1 gave primarily nano hematite as the major phase with difference in particle morphology and sizes. This had indicated that these ions either accelerate the conversion of goethite to hematite or directly convert ferrihydrite to hematite. But when same concentrations of Ca(II) and Mg(II) were added together, the product obtained was devoid of hematite. Figure 1 shows XRD pattern of this sample and one can see that the product is completely amorphous in [8] . A preferential orientation of the crystal plane was observed as the relative intensities of (104) and (110) peaks of hematite were observed to be less than the reported JCPDS (card no. 79-0007) for Mg-doped hematite.
It seems that simultaneous adsorption of Ca(II) on the surface and incorporation of Mg(II) into the iron matrix for the present sample totally restrict the conversion of amorphous ferric hydroxide phase to any crystalline form.
The TEM image of the Ca-Mg doped sample (in figure 1) shows very fine agglomerates of spherical particles in the size range of 2 to 5 nm. It may be mentioned here that by only Ca(II) doping in the mentioned concentration gave pseudo cubic monodispersed hematite particles [7] while only Mg(II) doping resulted in spherical mono dispersed hematite particles with no agglomeration.
X-ray diffraction of annealed samples
The room temperature X-ray diffraction patterns of annealed samples of Ca-Mg-doped hematite are presented in Figure 2 . The crystallinity starts evolving in the annealed samples. Based on XRD data, Rietveld refinement has been done on 600 o C annealed sample by MAUD software [13] to further analyze the structural properties and to determine the crystal parameters.
XRD diffraction data in 2θ range 30 0 -110 0 was used for the Rietveld refinement (Fig. 3) . The space group of the R3c in the rhombohedral structure where Fe atoms are (x=0, y=0 and z=0.3553) and oxygen atoms are (x=0.3059, y=0 and z=¼) were taken as the staring parameters for the refinement. The crystal parameters of Mg-doped hematite nanoparticles (a=5.0501 Å and c=13.8003 Å) [8] were taken as the initial value and then refined for the intensity matching. The
Rietveld refinement with the experimental data points is shown in figure 3 for the Ca-Mg doped hematite nanoparticles annealed at 600 0 C for 4 hours. The lattice parameters are found to be a=b= 5.0494 (5) Å and c= 13.7958(7) Å for the annealed samples as obtained from the Rietveld refinement after intensity matching. These values are slightly lower than the values found for Mg-doped hematite annealed at 400 0 C for 2 hours [8] .
Mössbauer Spectroscopic Study
57 Fe Mössbauer spectroscopy is known to be one of the efficient tools to study the local magnetic Mössbauer parameters from the earlier studies on individually doped hematite are also given in Table 2 for comparison.
The room temperature Mössbauer spectrum of the as prepared sample (figure 4 (a)) can be fitted with a doublet corresponding to isomer shift ≈ 0.32 mm/s and quadrupole splitting ≈ 0.68 mm/s.
The parameters are similar to those of ferrihydrite phase [14] though no crystalline phase has been detected from the X-ray diffraction pattern. A doublet can also result from the 
Magnetization Measurements
Hematite in bulk form undergoes two types of magnetic transition, the first one at Neel temperature (T N ) which is about 950 K [15] below which it behaves like a weak ferromagnetic compound and second one from weak ferromagnetic to antiferromagnetic transition at about 260 K known as Morin transition (T M ) [16] . The magnetic properties of hematite particles greatly depend on the particle morphology and sizes of the prepared samples [17] . Ferrihydrite show antiferromagnetic behavior below 120 K with a small ferromagnetic-like moment arising from uncompensated spins present either inside or at the surface of the particles [18] .
Room temperature magnetic hysteresis loops of as prepared and three annealed samples are 
CONCLUSIONS
In the present study synergistic effect of doping of Ca(II) and Mg(II) on iron oxide/hydroxide phase formation has been reported. With the doping of single ion i.e., Ca(II) or Mg(II), with similar concentrations cubic or spherical hematite particles were formed whereas when both the ions were doped, completely amorphous ferrihydrite was formed. Room temperature, 40K and 20K Mössbauer spectra confirmed that the particles were indeed ferrihydrite as no sextet for 
